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(57) ABSTRACT 

Noncorroding reinforcing steel, and steel reinforced con 
crete, Which has an adherent bond With hydrated concrete 
formed by a thermally sprayed hydraulically reactive layer 
of a material such as blast furnace slag on the steel surface. 

FRESHLY POURED AQUEO CEMENT SLURY 
A‘? LAYERED ADHERE REACTWE 

STEEL 
REBAR 

LAYER 
(nonrusting) 

REACTIVE 
Ca-Silicate 
LAYER 

STEEL REINFORCEMENT suRFA?E 
‘ ‘ I ; I?‘ 

UNREACTED 
CEMENT 

> PARTICLES 

Dense Surface Reaction Zone Bulk Cement 
Packing Zone 



Patent Application Publication Nov. 28, 2002 Sheet 1 0f 10 US 2002/0177003 A1 

CEENT 1:5: FSHLY URED AQUE , 
$URFACE m STEEL 

.1 w H 

STEEL UNREACTED 
REBAR CEMENT 
SURFACE PARTICLES 

... , 1 

WATER 

I 50 microns / k j 2- 0 
Y Y 

Poor Cement Bulk Cement 
Packing Zone Packing Zone 



Patent Application Publication Nov. 28, 2002 Sheet 2 0f 10 US 2002/0177003 A1 

FULLY HYDTED CEMENT PASTE 
AT $TEEL EMENT 

FULLY 
_— REACTED 

CEMENT STEEL 
/ PASTE REBAR 

SURFACE 

W 

POROUS 
M CEMENT 

PASTE 

k___Y__J 
Bulk Density 
Cement Paste 

TENSILE 
STRENGTH "Weak Link" at Interface 

n 

G 100 200 
Distance, Microns 

Fire 2 



Patent Application Publication Nov. 28, 2002 Sheet 3 0f 10 US 2002/0177003 A1 

5mm. FULLY PERCQ CQCRTE 
CHLORIDE PTH 

STEEL 
REBAR 

Peroo'lating 
Chlorides to the 
Steel 
Reinforcement 

\ Buik Cemeht 
Paste 

AGGREGATE 4 

l 



Patent Application Publication Nov. 28, 2002 Sheet 4 0f 10 US 2002/0177003 A1 

i0 

Combustion 
Spray Guns 

Plasma 
Spray Guns 

Dicaicium 
Silicate Layer 
100 microns 

Ferrosilicon 
Layer 

5-100 microns 

My 



Patent Application Publication Nov. 28, 2002 Sheet 5 0f 10 US 2002/0177003 A1 

Steal 

Thermally Sprayed 
Blast Furnace Slag 

He 5 Pic 6 



Patent Application Publication Nov. 28, 2002 Sheet 6 0f 10 US 2002/0177003 A1 

FRESHLY POUREQ AQUEOU? CEMENT SLURRY 
A'E' LAYERED ADHERE"? REACTWE 
STEEL RElNFORCE?ENT SURFACE 

STEEL UNREACTED 
REBAR > CEMENT 

PARTICLES 
FERROSILICON 

LAYER 
(nonrusting) 

REACTIVE - WATER 5y 
Ca-Silicate 

LAYER V x x j 

‘ Y Y 

7 L Dense Surface Bulk Cement 
Reaction Zone Packing Zone 

$0 3% 



Patent Application Publication Nov. 28, 2002 Sheet 7 0f 10 US 2002/0177003 A1 

AT DENSE, NONCORRODING 
STEEL ENFORCEMENT 

STEEL 
REBAR ' 

72;.» 
FERROSILICON 

LAYER FULLY 
(nonrustmg) HARDENED 

7%’ “cEMENv 
PARTIALLY REACTED PASTE 

Ca-Silicate 
v- $.31" 

Dense, Strong, Adherent Bulk Density 
Cement Paste 

TENS ILE 
STRENGTH 

0 500 1000 
Distance Microns 



Patent Application Publication Nov. 28, 2002 Sheet 8 0f 10 US 2002/0177003 A1 

l w is 

Figvye i8 ~ G'QBFL‘ on Silicon an Steel Reba; ‘ 



Patent Application Publication Nov. 28, 2002 Sheet 9 of 10 US 2002/0177003 A1 

FIGURE 11 

Dense, adherent, continuous, pure metal layer 3-20 microns thick 

Codeposition layer of dense, adherent electrodeposited metal 3-15 microns 
thick, codeposited with silicon and/or silicious particles which are reactive with 
cement paste to form dense calcium silicate layer. 
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STEEL REINFORCED CONCRETE SYSTEMS 

FIELD OF THE INVENTION 

[0001] The present invention is directed to reinforced 
concrete systems, and more particularly, is directed to steel 
reinforced concrete having improved corrosion and/or 
mechanical performance. 

BACKGROUND OF THE INVENTION 

[0002] Steel-reinforced concrete is a remarkably versatile 
and ubiquitous material. It is easily formed from a cement 
based slurry Which hydrates With Water, Without extensive 
volume change, to form solid, compressively strong struc 
tures of virtually unlimited siZe and shape. The structural 
Weakness of concrete in tension is compensated by relatively 
inexpensive steel reinforcement, Which fortuitously approxi 
mates the thermal expansion of concrete over a broad 
temperature range. Unfortunately, steel reinforcement is 
subject to corrosion (rusting), even When embedded in the 
high-pH, passivating environment of the hydrated cement 
paste. The pressure from the increased volume of the con 
?ned iron oxide corrosion product spalls and cracks the 
concrete, destroying its functional integrity long before the 
end of its potential design life. Estimates of the repair cost 
for existing highWay bridges in the US. have been put at 
over $50 billion, and $1 to $3 trillion for all concrete 
structures M. Fickleburn, “Editorial”, Materials and Struc 
tures Journal, RILEM, Vol. 23, No. 137, p. 317 (1990). 

[0003] Except for its tendency to corrode, and its poor 
mechanical interface With the cement matrix, steel-rein 
forced concrete has many desirable attributes Which have 
made it a dominant “Infrastructure” material for roads, 
bridges, buildings and dams throughout the World. An 
enormous design, manufacturing and construction industry 
has developed Which is ef?cient and skilled in its use and 
application. In the absence of corrosion, its behavior is 
relatively predictable and reliable. Conventional steel rein 
forcement is relatively inexpensive, particularly in compari 
son to inherently expensive alternatives such as Fiber Rein 
forced Plastic (FRP) and stainless steel. 

[0004] Corrosion of steel reinforcement is greatly accel 
erated in the presence of chloride ions, Which catalyZe iron 
oxidation. Even if not present in the original concrete, 
surfaces of the concrete are exposed to deicing salts or 
marine environments [1. A. GonZaleZ, et al., “Some Con 
siderations On The Effect Of Chloride Ions On The Corro 
sion Of Steel Reinforcements Embedded In Concrete Struc 
tures”, Magazine Of Concrete Research, Vol. 50, pp. 189 
199 (1998)]. 
[0005] AWide variety of approaches has been attempted to 
overcome the problem of corrosion in reinforced concrete. 
For example, steel reinforcement With a relatively expensive 
epoxy coating is commonly used in bridges and highWays. 
HoWever, the soft epoxy coating is easily damaged during 
transportation and placement. The epoxy coating also pre 
vents bonding of the rebar With the cement matrix, and itself 
tends to debond from the steel surface because its bond can 
be thermodynamically unstable in the alkaline cement envi 
ronment. When debonded from the steel surface, the epoxy 
layer may be associated With under?lm and crevice corro 
sion. [Weyers, et al., “Estimating the Service Life of Epoxy 
Coated Reinforcing Steel”, ACI Materials Journal, pp. 
546-557 (1998)]. 
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[0006] Another expensive approach has been the use of 
reinforcing materials Which do not corrode. Stainless steel 
reinforcing bars meeting appropriate speci?cations (ASTM 
A955 and BS 6744) have been used in selected applications 
[F. N. Smith, et al., “Stainless Steel Reinforcing Bars”, Proc. 
Conf, Conference on Understanding Corrosion Mechanisms 
in Concrete, MIT, Cambridge, Mass., Jul. 27-31 1997; F. N. 
Smith: “The Use Of Stainless Steel For Concrete Reinforc 
ing Bars Is Gaining Momentum”, Stainless Steel World, 
Vol.10, No.6, August 1998, p.52], but unfortunately are 
relatively expensive and dif?cult to Work With, and consume 
strategic materials. Fiber-reinforced plastic (FRP) reinforc 
ing materials, Which are even more expensive, are being 
developed as inert, corrosion-resistant reinforcement for 
concrete in marine and high-deicing-salt environments. [R. 
Masmoudi et. al., “Flexural Behavior of Concrete Beams 
Reinforced With Deformed Fiber Reinforced Plastic Rein 
forcing Rods”, V. 95, pp. 665-676 (1998); Neale, K. W., and 
Labossiere, P., eds. Advanced Composite Materials in 
Bridges and Structures, Proceedings, First International 
Conference on Advanced Composite Materials in Bridges 
and Structures, Sherbrooke, Canada, published by the Cana 
dian Society for Civil Engineering, 1992, 700 pp.; A. Nanni, 
et al., eds., Fiber Reinforced Plastic Reinforcement for 
Concrete Structures, SP-138, American Concrete Institute, 
Farmington Hills, Mich., 1993, 977 pp.; Saadatmanesh, H . 

. and Ehsani, M. R., eds., Composites in Infrastructure, 
Proceedings, First International Conference on Composites 
in Infrastructures, Tucson, AriZ., 1996, 600 pp.]. FRP rein 
forcements typically comprise carbon, aramid and/or glass 
?bers embedded in a resin matrix, to provide a high tensile 
strength-to-Weight ratio [0. Chaallal, et al., “Physical and 
Mechanical Performance of an Innovative Glass-Fiber Rein 
forced Plastic Rod for Concrete and Grouted Anchorages, 
”Canaa'ian Journal of Civil Engineering, V. 20, No. 2,1993, 
pp. 254-268.]. HoWever, in spite of their potentially high 
strength based on the strength of the individual ?bers, radial 
force transmission among adjacent ?bers may be poor, and 
failure in ?ber reinforced plastic composites may occur at 
relatively loW strains (about 1-3 percent). Their tendency for 
sudden, brittle failure, particularly at high strain rates, may 
present safety problems under current reinforced concrete 
design criteria [Banthia, et al., “Impact Resistance of Con 
crete Plates Reinforced With a Fiber Reinforced Plastic 
Grid”, ACI Materials Journal, pp. 11-18 (1998)]. Unlike 
steel, FRP reinforcement also has a signi?cantly higher 
radial thermal expansion than concrete, posing compatibility 
problems, and inherently poor adhesion to the cement 
matrix. 

[0007] Because of the poor corrosion characteristics of 
steel reinforced concrete, there is signi?cant opportunity to 
improve the overall properties of steel reinforced concrete, 
if improved interfaces can be provided Fu, et al., “Effects 
Of Water-Cement Ratio, Curing Age, Silica Fume, Polymer 
Admixtures, Steel Surface Treatments, And Corrosion On 
Bond BetWeen Concrete And Steel Reinforcing Bars”, ACI 
Materials Journal, pp. 725-734 (1998)]. It is an object of the 
present invention to improve the mechanical properties 
and/or the durability, of steel reinforced concrete could be 
improved if the loW density, highly porous interface Zones 
adjacent the steel reinforcement surfaces could be replaced 
by dense, strong, adherent layers. 
[0008] Accordingly, there is a need for improved concrete 
reinforcement, as Well as functional cement-steel interfaces, 
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Which prevent corrosion of the steel reinforcement and 
resultant premature deterioration of steel reinforced concrete 
structures. There is also a need to improve anchoring and 
transmission of mechanical forces betWeen the steel rein 
forcement and the cement matrix, in order to improve the 
performance and durability of the concrete. It Would also be 
desirable to prevent percolation of corrosion-causing chlo 
ride salts along the surfaces of steel reinforcement in cured 
concrete structures. 

[0009] There is also a need for functional interfaces Which 
maximiZe underlying microstructure and hydration transfor 
mations in concrete, to optimiZe durability and macro 
mechanical properties. 

DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a schematic illustration of a conventional, 
freshly-poured, aqueous cement slurry at a steel reinforce 
ment surface; 

[0011] FIG. 2 is a schematic illustration of a conventional, 
fully-reacted cement paste, at the steel reinforcement surface 
of FIG. 1; 

[0012] FIG. 3 is a schematic illustration of a fully perco 
lated conventional concrete shoWing a chloride percolation 
path to, and along, the steel reinforcement surface; 

[0013] FIG. 4 is a schematic illustration of a thermal spray 
system for integrally applying corrosion resistant and 
hydraulically reactive layers on hot reinforcing bar stock; 

[0014] FIG. 5 is a schematic cross sectional vieW of a steel 
reinforcing bar having an integrally bonded, thermally 
sprayed layer of silicon or ferrosilicon alloy on the steel 
surface, and an integrally bonded, thermally sprayed layer of 
hydraulically reactive cementitious material such as blast 
furnace slag integrally adherently bonded to the silicon or 
ferrosilicon layer; 

[0015] FIG. 6 is a schematic cross-sectional vieW of a 
steel reinforcing bar having a thermally sprayed, dense 
adherent layer of hydraulically reactive cementitious mate 
rial such as blast furnace slag integrally adherently bonded 
directly on the exterior steel surface; 

[0016] FIG. 7 is a schematic illustration of a freshly 
poured aqueous cement slurry at a layered, adherent, reac 
tive steel reinforcement surface prepared in accordance With 
the embodiment of FIG. 5; and 

[0017] FIG. 8 is a schematic illustration of a cured cement 
layer at the non-corroding steel reinforcement surface of the 
embodiment of FIG. 5, Which has a relatively strong inter 
face and Which is protected from corrosion; 

[0018] FIG. 9 is a photomicrograph of an undeformed 
steel reinforcing bar Which has been plasma sprayed With an 
adherent integrally thermally bonded coating of blast fur 
nace slag Which is hydraulically reactive in a high-pH 
cement paste environment; 

[0019] FIG. 10 is a photomicrograph of a steel reinforcing 
bar Which has been plasma sprayed With an adherent silicon 
coating and an adherent, integral blast furnace slag coating 
Which is hydraulically reactive in a high-pH cement paste 
environment; 
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[0020] FIG. 11 is a schematic cross section of a steel 
reinforcing bar having an adherent dense, continuous elec 
troplated nickel layer immediately adjacent the steel surface, 
and an outer nickel layer codeposited With cement paste 
reactive particles such as silicon and/or silicon particles; 

[0021] FIG. 12 is a photograph of a nickel-plated and 
composite silicon-particle-nickel plated steel reinforcing 
strip, and a steel reinforcing Wire Which has been copper 
base-plated, nickel plated atop the copper base-plate and 
Which has had a nickel-silicon poWder composite plated atop 
the nickel plate; and 

[0022] FIG. 13 is a photograph of the reverse side of the 
nickel-plated steel reinforcing strip, Which does not have a 
nickel-silicon poWder composite electrodeposit and a por 
tion of the copper and nickel-plated steel reinforcing Wire 
Which does not have a nickel-plated silicon poWder com 
posite electrodeposit. 

SUMMARY OF THE INVENTION 

[0023] The present disclosure is directed to corrosion 
prevention and property-enhancing technology for steel 
reinforced concrete, to facilitate the continued use of con 
ventional, relatively inexpensive carbon steel in highWays, 
buildings, bridges and tunnels. Generally, the present inven 
tion is directed to steel reinforcement for concrete Which has 
the capability of forming an adherent bond With a cement 
matrix, and/or to methods for providing functionally graded, 
strongly adherent interfaces betWeen steel reinforcement 
and a bulk cement matrix. The present invention is also 
directed to corrosion-resistant steel reinforced concrete, and 
to methods for manufacturing corrosion-resistant concrete 
preferably having an interface betWeen the bulk cement 
matrix and the steel reinforcement Which is at least as strong 
as the cement paste of the bulk cement, and preferably 
stronger. The present invention is also directed to corrosion 
resistant steel reinforcement. The interfaces may be pro 
vided in a suitable manner, such as by thermally spraying 
very thin, adherently bonded integrally functional layer(s) 
on the steel surface. Applying one or more thin, adherent 
layers of corrosion protective material, such as a nickel 
containing non porous layer by electrolytic or electroless 
deposition may also be used to form protective metallic and 
composite layers on reinforcing steel. Similarly, vapor depo 
sition, such as physical or chemical vapor deposition of 
silicon and its alloys on steel reinforcement can also be used 
to provide adherent protective layers on the reinforcing steel, 
as Will be described in more detail. Preferably at least a 
portion of the layer Will at least partially react With the 
hydrating cement to produce a dense, adherent interface With 
the cured concrete. Thermal spray application of a variety of 
functionally graduated interface materials on steel reinforce 
ment bar surfaces may be utiliZed to more ?nely control the 
interface reaction in cement, as Will be discussed in more 
detail. The purpose of the thermal spraying is to produce 
relatively dense, strongly adherent layers Which are inte 
grally and durably attached to, and protect, the steel surface. 
Various thermal spray systems such as plasma spray, HVOF 
(high velocity oxygen ?ame), and other combustion spray 
systems may be utiliZed. A key feature of the present 
disclosure is the thermal bonding of a calcium silicate or 
other cement-reactive layer to the steel surface, or corrosion 
passivated steel surface, to provide a strongly adherent 
interface. Suitable reactive coating materials might also 



US 2002/0177003 A1 

include thermally sprayed cohesive layers of alumina, cal 
cium aluminate(s), calcium phosphate/ apatite, ferrotitanates, 
and other materials Which can react With hydraulic cement. 
Dicalcium silicate (e.g., from inexpensive pulverized ?y ash 
or ground slag such as blast furnace slag, or pulveriZed 
burned oil shale) is a particularly preferred material, because 
of its relatively loW cost and its ability to react in the high 
alkalinity environment of the cement mix, While being 
relatively inert under more neutral conditions of transport 
and storage. Similarly, base-activated calcium phosphates 
(such as apatite) and calcium aluminates may also be used. 
In this regard, integrally adherent layers may be provided 
Which are relatively inert and unreactive in storage and 
under construction site environmental conditions, but Which 
are hydraulically reactive in the highly alkaline cement paste 
environment of an aqueous concrete mix. The thermally 
sprayed layers may also include strong ?ber materials Which 
strengthen the interface Zone. The layers bond strongly With 
and protect the steel, and also may partially react With and 
become part of an enhanced, relatively dense interface With 
the bulk cement. It is important in the practicalities of the 
construction sites and construction practices that the ther 
mally sprayed reinforcing steel can be made so it is rela 
tively durable for transport and handling prior to use. It is 
relatively inexpensive to apply the coating(s) to the rein 
forcing steel, Which is also an important consideration for 
providing commercially effective reinforcement products. In 
addition to thermally sprayed-cement reactive layers, other 
types of cement reactive layers may also be used. For 
example, silicone resins, Which are polysiloxanes, tend to 
react over time at their Si—O—Si or Si—N—Si bonds in 
high pH environments. By providing a silicone resin With a 
reactive ?ller such as poWdered blast furnace slag and/or 
poWdered silicon, a coating may be provided Which Will be 
generally unreactive at neutral pH to protect the rebar, but 
Which Will be reactive in the high pH cement paste of the 
curing concrete. The siloxane fragments released by 
hydrolysis reaction or the like can also be incorporated in the 
concrete composite, to participate in the formation of a 
dense layer Which is relatively impervious to chloride ions. 
If suitable corrosion inhibiting materials such as aliphatic 
amines, are included in the reactive coating, they Will be 
released locally to protect the steel during concrete curing. 
Depending upon the nature of the materials chosen to be 
applied to the steel reinforcement, an adhesion promotion 
layer may be selected to improve the adherence betWeen the 
steel reinforcement surface and the thermally sprayed or 
other cement-reactive layer. Adhesion promoting materials 
include boron, silicon, chromium, titanium, nickel and their 
loWer oxides, Which can form a chemical bond With, or from 
Within, the iron surface, and With a calcium silicate, alumi 
nate and/or phosphate layer Which may be thermally 
sprayed, electrolytically applied in a preferably cement 
reactive binder, or vapor-deposited. The adhesion promotion 
layer may be very thin, for example, 10-2000 Angstroms, so 
that the amount of material applied can be very small in 
proportion to the mass of the steel reinforcement. An 
optional metallic corrosion-resistant layer, Which is desir 
ably integrally alloyed With or diffused in the steel rein 
forcement surface, may also be interposed betWeen the steel 
and the cementitious hydraulically reactive bonding layer. 
This corrosion-resistant layer may also be relatively thin 
(e.g., 100 Angstroms to 100 microns, more preferably 1000 
Angstroms to 25 microns) and comprise or be combined 

Nov. 28, 2002 

With the adhesion promoting layer. The corrosion-resistant 
layer may be, for example, an integral silicon, nickel, 
Zirconium, cobalt, boron, titanium or chromium diffusion or 
alloy Which resists chloride catalyZed oxidation of iron. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0024] As indicated, the present disclosure is directed to 
corrosion-prevention and property-enhancing technology 
for steel-reinforced concrete, to facilitate the continued use 
of conventional, relatively inexpensive carbon steel in high 
Ways, buildings, bridges and tunnels. Various aspects of the 
disclosure are directed to steel reinforcement for concrete 
Which has the capability of forming an adherent bond With 
a cement matrix, and/or to methods for providing function 
ally graded, strongly adherent interfaces betWeen steel rein 
forcement and a bulk cement matrix. The present disclosure 
is also directed to corrosion-resistant steel reinforced con 
crete, and to methods for manufacturing corrosion-resistant 
concrete having an interface betWeen the bulk cement matrix 
and the steel reinforcement Which is at least as strong as the 
cement paste of the bulk cement, and preferably stronger. 
The present invention is also directed to corrosion-resistant 
steel reinforcement. The interfaces may be provided by 
thermally spraying one or more very thin, functional layer(s) 
on the steel surface. The outer layer Will at least partially 
react With the hydrating cement to produce a dense, adherent 
interface. Thermal spray application of a variety of func 
tionally graduated interface materials on steel reinforcement 
bar surfaces may be utiliZed to more ?nely control the 
interface reaction in cement, as Will be discussed in more 
detail. The purpose of the thermal spraying is to produce 
relatively dense, strongly adherent layers Which are inte 
grally and durably attached to, and protect, the steel surface. 
Various thermal spray systems such as plasma spray, HVOF 
(high velocity oxygen ?ame), and combustion spray systems 
may be utiliZed. Akey feature of the present disclosure is the 
thermal bonding of a calcium silicate or other cement 
reactive layer to the steel surface, to provide a strongly 
adherent interface. Suitable reactive coating materials might 
also include thermally sprayed cohesive layers of alumina, 
calcium aluminate(s), calcium phosphate/apatite, and other 
materials Which can react With hydraulic cement. Dicalcium 
silicate (e.g., from inexpensive pulveriZed fuel ash or ground 
slag such as blast furnace slag, burned oil shale) is a 
particularly preferred material, because of its relatively loW 
cost and its ability to react in the high alkalinity environment 
of the cement mix, While being relatively inert under more 
neutral conditions of transport and storage. In this regard, 
integrally adherent layers may be provided Which are rela 
tively inert and unreactive in storage and under potentially 
dif?cult construction site environmental conditions, but 
Which are hydraulically reactive in the highly alkaline 
cement paste environment of an aqueous concrete mix. The 
layers bond strongly With and protect the steel, and also may 
partially react With and become part of an enhanced, rela 
tively dense interface With the bulk cement. It is important 
in the practicalities of construction sites and construction 
practices that the thermally sprayed reinforcing steel can be 
made so it is relatively durable for transport and handling 
prior to use. It is relatively inexpensive to apply the coatings 
to the reinforcing steel, Which is also an important consid 
eration for providing commercially effective reinforcement 
products. An optional corrosion-resistant layer, Which is 
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desirably integrally alloyed With the steel reinforcement 
surface, may also be interposed betWeen the steel and the 
cementitious hydraulically reactive bonding layer. 

[0025] Methods for manufacturing steel reinforcement for 
concrete structures can comprise the steps of providing a 
steel reinforcement element for a concrete structure, ther 
mally applying an adherent layer of hydraulically reactive 
alkaline earth oxide, aluminate, silicate or phosphate or 
silica to the external surface of the steel reinforcing element, 
to form a cohesive layer having a thickness of preferably 
from about 5 to about 500 microns. This layer is adherently 
bonded to the steel surface, either directly, or indirectly 
through an adherently bonded corrosion passivating layer 
such as a silicon or ferrosilicon layer. 

[0026] Because concrete is a composite material, its physi 
cal, mechanical and chemical properties depend in part on 
the properties of the interfaces betWeen the cement matrix 
and inclusions such as reinforcing steel, stone or sand 
aggregate and/or reinforcing ?bers. These interfacial Zones 
can be relatively porous compared to the bulk of the cement 
matrix, and may therefor be a “Weak link” in reinforced 
concrete [Z. Li, et al., “Enhancement Of Re-Bar (Smooth 
Surface)-Concrete Bond Properties By Matrix Modi?cation 
And Surface Coatings”, Magazine Of Concrete Research, 
Vol. 50, p. 4957 (1998)]. The relatively porous interfacial 
Zones typically can have a thickness of about 20-50 microns. 
A more complete discussion of the composite structure of 
concrete and the porous nature of the cement-aggregate 
interface, is given by E. J. GarbocZi, et al., “Multi-Scale 
Picture of Concrete and its Transport Properties . . . ”, 

National Institute Of Standards and Technology NIST 5900, 
pp. 1-46 (1996). The porous interfacial Zones may be caused 
by surface effects from relatively inef?cient packing of 
cement particles before the cement hardens. It has also been 
suggested that a “one-sided-groWth” effect results from the 
hydrating reactant concentration coming only from the bulk 
cement side and not the inclusion surface [See GarbocZi, et 
al., supra], to produce less dense, more porous, groWth in the 
interfacial Zone than in the bulk cement paste. The porosity 
of the “Weak link” Zone adjacent a steel reinforcing bar may 
actually increase during the curing of the cement, as inter 
facial void content or microcracking increase at the interface 
When the cement cures. X. Fu, et al., “Effects of Water 
Cement Ratio, Curing Age, Silica Fume, Polymer Admix 
tures, Steel Surface Treatments, and Corrosion on Bond 
BetWeen Concrete and Steel Reinforcing Bars”, A CI Mate 
rials Journal, November-December, 1998, pp. 725-733. In 
this regard, schematically illustrated in FIG. 1 is a magni?ed 
vieW of a conventional, freshly-poured aqueous cement 
slurry at a steel reinforcement surface. The aqueous cement 
slurry comprises a plurality of unreacted cement particles 12 
surrounded by Water 14, Which is adjacent the steel rein 
forcement surface 16. The unreacted cement particles are 
typically 20-60 microns in length, and accordingly are 
shoWn in schematically magni?ed vieW in FIG. 1. As shoWn 
in the ?gure, immediately adjacent the steel reinforcement 
surface 16, the cement particles may pack less ef?ciently 
than in the bulk cement packing Zone. Accordingly, in 
freshly poured aqueous cement slurries there may be a 
relatively poor cement packing Zone 18 immediately adja 
cent the steel reinforcement surface 16. In the bulk of the 
cement slurry (Which may also contain other inclusions such 
as sand and gravel-not shoWn), the unreacted cement par 
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ticles may pack relatively more efficiently and uniformly to 
provide a bulk cement packing Zone 20. 

[0027] A porous Zone created upon hydration of the 
cement results in an undesirable gradient of physical prop 
erties. Because of this interfacial porosity, the mechanical 
properties at a conventional cement-steel interface may tend 
to be Weakest Where the strain is the highest. Cement 
paste/gel is inherently much Weaker than the steel reinforce 
ment, so its interface With the cement matrix is inherently a 
performance limiting Zone, even if it is of uniform strength. 
Therefore, the formation of an even Weaker Zone With 
microporosity or microcracks immediately adjacent the steel 
reinforcement further exacerbates this “Weak link”, and 
further limits the performance of the concrete composite. 

[0028] Schematically illustrated in FIG. 2 is a conven 
tional fully-reacted cement paste at a steel reinforcement 
surface like that of FIG. 1. As shoWn in FIG. 2, the cement 
particles 12 of the bulk of the cement paste react With Water 
to provide various hard, hydrated cement paste products to 
provide a bulk density cement paste Zone 22. While the 
hydrated cement paste is not uniform at a microscopic level, 
in that it contains pores and may contain partially unreacted 
cement grains Which are not fully hydrated at their cores, 
this cement paste Zone is illustrated as a relatively dense, 
uniform Zone in FIG. 1 for purposes of this discussion. 
While the fully reacted cement paste in the bulk density Zone 
22 may be relatively dense, the reacted cement paste imme 
diately adjacent the steel reinforcement surface 16 has 
reduced density, for reasons previously discussed. The 
reduced density Zone may be, for example, 20-50 microns in 
thickness and may form a relatively porous Zone 24 imme 
diately adjacent the steel reinforcement surface 16. As 
schematically shoWn immediately beloW the steel reinforce 
ment and cement paste illustration of FIG. 2, and in regis 
tration and there With, is a graphical schematic illustration of 
the tensile strength of the materials present in the ?gure. As 
shoWn in FIG. 2, the tensile strength of the steel reinforce 
ment is relatively high in comparison to the tensile strength 
28 of the bulk density cement paste. In general, cement and 
concrete have a tensile strength Which is signi?cantly loWer 
than its compressive strength, and signi?cantly loWer than 
that of the steel reinforcement. In fact, this is the principal 
reason for providing steel or other reinforcement in concrete. 
HoWever, the tensile strength of the relatively porous inter 
face betWeen the bulk density cement paste and the steel 
reinforcement surface is even loWer in tensile strength than 
the fully reacted bulk cement paste 22. This relatively Weak, 
porous interface Zone 24 is accordingly a “Weak link” 
betWeen the cured concrete mass and the steel reinforce 
ment. 

[0029] In addition, the porosity of the interface promotes 
corrosion by permitting contact With corrosion-inducing 
chloride ions and oxidiZing agents, and adversely affects the 
environmental durability of the concrete, causing acceler 
ated deterioration. In conventional concrete, the porous 
interface Zones around each of the inclusions, including the 
steel reinforcement and the aggregate particles, form an 
interconnected netWork Which can foster the percolation of 
chloride ions through the concrete cover to the steel rein 
forcement F. Houst, et al., “In?uence of aggregate 
concentration on the diffusion of C02 and 02”, Interfaces in 
Cementitious Composites, ed. by J. Maso (E and F N Spon, 
London, 1992), 279-288]. When the porous interface Zones 
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interconnect as a result of the proximity of the aggregate 
surfaces present in conventional concretes, the concrete is 
“fully percolated” and can have up to tWo orders of mag 
nitude greater permeability than the bulk cement paste from 
Which it is made [J. F. Young, “A RevieW of the Pore 
Structure of Cement Paste and Concrete and Its In?uence on 
Permeability”, ill Permeability of Concrete, ed. by D. Whit 
ing and A. Walitt, ACI SP-108 (American Concrete Institute, 
Detroit, 1988); C. L. Page and V. T. Ngala, in Proceedings 
of Conference on Chloride Diffusivity in Concrete, RILEM, 
France (1995), as Well as reduced elastic modulus [R. W. 
Zimmerman, et al., Cem. Con. Res. 16, 239 (1986); A. Ulrik 
Nilsen and P. J. M. Monteiro, Concrete: A Three Phase 
Material, Cem. and Conc. Res. 23, 147-151 (1993); Cohen, 
et al., “The Role of Silica Fume in Mortar: Transition Zone 
Versus Bulk Paste Modi?cation”, Cem. and Conc. Res., 24, 
95-98 (1994)]. This “fully percolated porosity” of the inter 
connected interfacial Zones permits more rapid transport of 
chloride ions through the concrete, as Well as directly along 
the entire surface of the steel reinforcement, Which can cause 
accelerated corrosion. The interfacial Zone Weakness and 
porosity adjacent the steel reinforcement can be exacerbated 
by inhomogeneities Which occur during pouring of the 
reinforced concrete, such as caused by component settling in 
the concrete mix or structure before hardening. In this 
regard, relatively heavy aggregate and cement particles can 
settle in freshly poured concrete, to displace free Water 
upWardly Where it is trapped at the undersurfaces of aggre 
gate and reinforcement H. Khayat, “Use Of Viscosity 
Modifying Admixture To Reduce Top Bar Effect Of 
Anchored Bars Cast With Fluid Concrete”, AC1 Materials 
Journal, pp. 158-167 (1998)]. This further increases inter 
face porosity, and can even cause a separation betWeen the 
loWer surfaces of the reinforcement and the concrete [S. P. 
Shah, et al., “Modeling Of Constitutive Relationship Of 
Steel Fiber-Concrete Interface”, Mechanics Of Geomaterial 
Interfaces (eds. A. P. S. Selvadurai, et al.) Elsevier, Amster 
dam, pp. 227-255]. 
[0030] In addition, the porous Zones adjacent the steel 
surface and other inclusions in the concrete provide a 
pathWay for chloride ions and other materials through the 
concrete composite. In this regard, schematically illustrated 
in FIG. 3 is a fully permeated conventional concrete mass 
illustrating a chloride percolation path to, and along, the 
steel reinforcement surface of an embedded reinforcing bar 
30. The scale of FIG. 3 is substantially less than that of 
FIGS. 1 and 2. As shoWn in FIG. 3, because the inclusions 
such as aggregate pieces 32 and sand particles (not shoWn) 
generally all have relatively porous interfacial Zones, and 
because at relatively high loadings of sand and aggregate in 
conventional concrete, the surfaces of the sand and aggre 
gate particles are closely spaced together. The porous inter 
facial Zones of each of the aggregate particles tend to 
become connected, thereby forming a pathWay through the 
concrete Which includes the porous interfacial Zone 34 at the 
steel reinforcement surface. Accordingly, chloride ions and 
other materials can permeate through the concrete at a rate 
much faster than the permeation rate through bulk cement 
paste. 
[0031] In one example of the present interfaces, a corro 
sion-resistant layer or alloy is provided at the steel rein 
forcement surface, betWeen the steel and the cement-reac 
tive layer, to further protect the steel from corrosion. A 
passivating, corrosion-resisting layer such as an iron silicide 
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surface layer may be readily applied to steel reinforcement 
such as steel “rebar”, beams, Wire or mesh, by reaction With 
silicon at elevated temperatures in the presence of chlorides 
(“lhrigiZing”), or by vapor deposition of silicon, or even 
electrolytic deposition of silicon. Other materials, such as 
chromium, boron/borides, nickel, stainless steel, titanium, 
aluminum, etc. may also be vapor-reacted, electrodeposited 
and/or thermally sprayed (With or Without subsequent hot 
rolling) onto the steel reinforcement to serve as a very thin, 
hard, adherent protective layer Which is inexpensively 
applied by plasma, HVOF, TWEA vapor hot metal spray, or 
combustion thermal spraying onto the surface of the steel 
reinforcement. The corrosion-resistant layer, such as an iron 
silicide, iron-titanium, nickel, nickel aluminide, or ferro 
chrome layer, may be relatively thin, on the order of 0.1 to 
100 microns. Silicon, chromium and titanium readily alloy 
With iron, With Gibbs Free Energy release, so that the iron 
silicide or other alloy layer is integral With the steel rein 
forcement, and mechanically much stronger than the bulk 
cement paste. The ferrosilicon or other intermetallic alloy or 
silicon coating is thermodynamically less reactive than the 
untreated steel surface to oxidation in the high pH cement 
paste environment of the concrete, and/or relatively more 
passivated With respect to catalytic oxidation in the presence 
of chloride ion. The corrosion-passivating layer may be very 
thin, but should be capable of strong chemical (not just 
mechanical) bonding to a cement-reactive layer, as Will be 
further described. 

[0032] It is desirable to provide a continuous layer of the 
alloyed diffused or otherWise chemically passivated surface 
layer over the steel reinforcing member. In this regard, as 
indicated, it may be useful to subject the surface to vapor 
phase chemical reaction and diffusion, such as by treatment 
With SiCl4, BCl3, silanes, boron hydrides, titanium chloride 
(in a reducing environment) or mixtures thereof, at an 
elevated temperature (e.g., about 400-1300° C. see, e.g., 
US. Pat. Nos. 5,064,691 and 5,089,061), to insure surface 
reaction. The diffused or alloyed surface layer containing B, 
Si, Ti, Cr or mixtures thereof may be very thin, e.g., 0.5+15 
microns, but should best be continuous. The corrosion 
passivating layer may be applied during forging or as the 
steel reinforcement is exiting the rolling mill Where it is 
manufactured, While it is still heated to a rolling/forging 
temperature of 800-1200° C. Conventional plasma spraying, 
particularly if applied to a heated reinforcing steel surface, 
may produce a dense, thin surface Zone Which at least 
partially interdiffuses With the steel surface. Fine silicon, 
boron, titanium, chromium or nickel poWders or compounds 
can be heated to vaporiZation temperature in a plasma gun 
system and applied to a hot steel reinforcing bar so that these 
materials diffuse at the steel surface to form a passivated 
integral surface layer. High temperature electric arc plasma 
spraying can also provide high velocity particles and may 
also heat the steel surface momentarily to cause binding and 
interdiffusion. High velocity oxygen ?ame (HVOF) plasma 
spraying of passivating materials such as silicon or ferro 
silicon may also produce a dense surface layer, particularly 
in vieW of the ultrahigh velocity of the sprayed particles, 
Which melt and interact upon impacting of the particles at 
the surface, Where the kinetic energy is converted to thermal 
energy in a relatively instantaneous manner. A reducing 
atmosphere, and particularly a sputtering of the hot steel 
surface is best for chemical bonding and diffusion. In this 
regard, a particularly useful method for applying a passi 
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vating alloy surface Which is continuous, even on a micro 
scopic basis, is by partially transferred arc and/or rf/plasma 
arc plasma coating. In conventional plasma spraying and 
other arc-based thermal sprayed processes, the electric heat 
ing arc is transferred internally to the accelerating gun 
noZZle. In partially transferred arc plasma spraying, the steel 
surface to be coated With the alloy and/or passivating 
material is biased With a negative voltage in respect to a 
positive current source at the interior of the noZZle of the 
plasma spray device. The positive electrode may be the 
regular cathode of the plasma spray gun, or may be a 
separate electrode located slightly doWnstream of the plasma 
gun. In addition to the heating current betWeen the internal 
cathode and internally electrode of the plasma spray gun, a 
plasma column is provided betWeen the plasma gun and the 
steel surface Which is being coated, Which conducts current 
betWeen the reinforcing steel surface and the plasma gun 
cathode. Steel reinforcement may form a native oxide sur 
face (e.g., FeO) during its manufacture in a rolling mill, 
Which e removed by the “sputtering” effect of a transferred 
arc or rf plasma. The plasma functions to ioniZe and clean 
oxides and other electronegative components on the surface 
of the steel, so that they are removed, and to attract ioniZed 
metals or silicon or positively charged silicon particles or 
other passivating materials, Which become metallurgically 
bonded to the cleaned steel surface to form an impervious 
passivating layer. If, the plasma is a reducing plasma (e.g., 
contains hydrogen), this may also aid in the formation of a 
metallurgical bond. As described in US. Pat. No. 4,902,870, 
a radio frequency plasma can be provided to assist mainte 
nance of the arc betWeen the plasma gun and the steel 
substrate to be coated and alloyed With a passivating mate 
rial. 

[0033] A metal (e.g., nickel or nickel alloy) coating may 
also be adherently applied directly to the steel reinforce 
ment, such as a deformed rebar, by electrolytic or electroless 
plating processes. Such coatings may be substantially non 
porous, and may desirably vary in thickness from about 0.1 
to about 100 microns, preferably from about 5-15 microns 
for economic reasons. 

[0034] Autocatalytic nickel plating, commonly referred to 
as electroless nickel plating, can be carried out in an aqueous 
solution containing nickel (and/or other) metal ions, a reduc 
ing agent, chelates, complexing agents and stabiliZers. Elec 
troless nickel coatings can be applied as dense alloys of 
nickel and phosphorus or boron in accordance With standard 
plating practice. The amount of P or B codeposited can range 
from less than 1% to 12% using conventional acid (prefer 
able) or alkaline nickel-phosphorus baths. Nickel-boron 
baths are usually formulated using an amine borane or 
sodium borohydride as a chemical reducing agent. Alloy 
deposits With up to 3% boron can be plated from acid as Well 
as alkaline baths. Electroless metal coatings are relatively 
expensive in comparison to electrolytic coatings. Electro 
lytic nickel plating solutions using sacri?cial anodes can 
produce deposits relatively rapidly and inexpensively, and 
can also produce alloy coatings having three or four ele 
ments [see, e.g., S. S. Djokic, “Electrodeposition of Amor 
phous Alloys Based on the Iron Group of Metals”, Journal 
of the Electrochemical Society, 146 (5), 1824-1828 (1999)]. 

[0035] Excellent adhesion of nickel deposits can be 
achieved on steel rebar With electroless or electrolytic plat 
ing, With adhesion strength of from 15,000 to 50,000 psi or 
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more, Which can be enhanced by diffusion heat treatment if 
desired, for example at temperatures of 175 to 750° F. or 
more for 10 seconds to 3 or more hours. 

[0036] LoW carbon steel rebar is relatively easy to elec 
troplate, and standard cleaning and activation steps should 
be carried out to produce uniform, high quality continuous 
metal layers. LoW carbon steel reinforcements can be treated 
With strong mineral acids, including hydrochloric, sulfuric 
or acid salt mixtures, While high-carbon steels are preferably 
cleaned With shorter activation times and more dilute acid. 
The steel rebar may be cleaned and activated directly in an 
acid (e.g., sulfamate) nickel plating solution by brief anode 
polariZation. 
[0037] Electrolytic nickel plating, preferably of ductile 
nickel, can be deposited from a variety of electrolysis 
formulations in accordance With the plating art. Non-chlo 
ride electrolytes, such as sulfate, sulfonate, or sulfamate 
nickel electrolytes are preferred, because of the undesirabil 
ity of any chloride inclusion in the coating. Nickel sulfamate 
solutions are particularly preferred for providing matte, loW 
stress ductile nickel deposits Without use of chloride coun 
terions. Sulfur-containing nickel anode materials may be 
used to control the internal stress of electroformed nickel in 
Watts and sulfamate solutions. 

[0038] A Wide variety of alloys, including nickel-iron, 
nickel-cobalt, nickel-manganese nickel molybdenum, nickel 
phosphorous, and Zinc-nickel and mixtures thereof may be 
electroplated on steel reinforcement to provide an adherent, 
nonporous metallic corrosion-protecting layer. Iron is rela 
tively inexpensive, and can be provided in the plating bath 
by electrolytic cleaning of the steel reinforcement prior to 
electroplating, and can be subsequently plated back on the 
rebar to reduce or eliminate Waste. Cobalt and manganese 
may be used to increase the hardness and strength of nickel 
plating. To reduce the cost of nickel plating, up to 35 percent 
of the nickel may be replaced With iron. While nickel-iron 
plating is less resistant to corrosion than nickel, this may be 
partially compensated for by increasing the plating thick 
ness. The nickel-iron alloy layers also are relatively ductile. 
Solutions for plating nickel-iron are slightly more dilute than 
nickel plating solutions and it is desirable to keep the ratio 
of ferrous iron to ferric iron at least about 4:1. Solution 
temperature is typically 130 to 140° F. The pH should be 
kept at 2.8 to 3.6. Ductility depends on iron content, solution 
temperature and pH. To reduce internal stress, the iron 
content may desirably be kept beloW 10% by Weight, based 
on the nickel-iron alloy and the pH beloW 4.5 (preferably 
beloW 3.25). 
[0039] Preferably after electrodepositing (by electrolytic 
or electroless processes) a continuous adherent corrosion 
protective metal layer on the steel reinforcement, particles of 
material such as silica and/or silicon Which are reactive With 
cement paste may be electrodeposited on the continuous 
layer. The particles suspended in the electrolytic bath are 
draWn to and held at the steel reinforcement surface by 
electropotential forces, While metal is deposited around the 
contacting particle. Particles of ground granulated blast 
furnace slag may also be used, but they should be ?rst 
pre-soaked in a nickel sulfamate (or iron sulfamate, etc.) 
both to substitute nickel ions or alter “platable” ions for the 
calcium ions at the surface of the particles. OtherWise, 
calcium, magnesium and other “unpalatable” salts Will be 
boiled up in the plating bath. 
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[0040] Submicron particles of Cr in the plating bath may 
be electroplated directly With the nickel layer. Hydrated 
cement-reactive particles, for example, having a particle siZe 
in the range of 0.1 to 100 microns, may similarly be included 
suspended in the plating bath, and attached to the surface of 
the rebar With the electroplated metal. If the particles are 
relatively nonconductive, such as silica fume, larger silica 
particles or surface-ion-exchanged blast furnace slag, their 
top surfaces Will remain exposed for reaction With the 
cement. 

[0041] If the particles are conductive, such as silicon 
particles, they may be more easily embedded in the metal 
matrix, or only partially exposed, but are available to be 
more further exposed upon ?exure or damage to the surface, 
Whereupon they may participate in “healing” the damage by 
electrochemical reaction to form dense silicate. The electro 
chemical reaction Will protect the underlying steel reinforce 
ment for corrosion. 

[0042] A matte or even more irregular metal plate ?nish 
provides a more adherent surface for subsequent thermal 
spray of slag or other cement-reactive coatings. 

[0043] Schematically illustrated in FIG. 11 is a cross 
sectional vieW of the surface of a steel rebar 1102 on Which 
has been electrodeposited a “pure” ductile nickel or nickel 
iron adherent layer 1104 With a thickness of 3-20 microns 
from a conventional sulfamate bath. Subsequently the 
nickel-plated bar is moved to a second nickel plating bath in 
Which are suspended silica particles 1108, and/or silicon 
particles 1110 having a diameter of 10-60 microns. The 
particles are densely codeposited With a second nickel layer 
1106 similarly having a thickness of about 3-15 microns. 
The nickel ?rmly anchors the silica and/or silicon particles 
1108, 1110, and may even plate out on the conductive silicon 
particles. The rebar 1102 thus has an adherent surface Which 
is reactive With hydrating cement, and an intermediate 
corrosion protective layer. Ground blast furnace slag may be 
used as a codeposition material, but should best be contacted 
With a nickel sulfamate, or even as ferrous iron salt mix to 
displace surface calcium and magnesium ions. 

[0044] Also applied to the steel reinforcement is an outer 
layer of an inorganic ceramic or glass, such as an alkaline 
earth silicate, (e.g., calcium silicate), aluminate, a phos 
phate, and/or a silica or alumina layer, Which is also inte 
grally bonded to the iron silicide layer, and Which is reactive 
With the hydraulic cement paste. It is also stronger than the 
bulk cement paste, and has a relatively strong bond to the 
steel reinforcement such that the steel-ceramic composite is 
itself stronger than the bulk cement paste. In this regard, 
thermal spraying is conventionally used for applying 
strongly bonded ceramic and metal layers for mechanically 
demanding applications such as turbine blades, so the 
strength and bonding capabilities of thermal spray systems 
are more than adequate for reinforced concrete bonding 
needs. The composition of the inorganic ceramic or glass 
layer, such as a cementitious calcium silicate layer, may be 
primarily in the mono- to di-silicate range (e.g., poWdered 
blast furnace or other slag, ?y ash, burned shale ash or other 
such material, Which is compatible With and participates in 
and participates in cement hydration reactions and makes an 
inexpensive raW material source), so that it remains stable in 
unhydrated form for storage of the reinforcing bars prior to 
use. As indicated, poWdered silica and/or alumina may also 
be used as a reactive interface material. 
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[0045] The calcium silicate layer may also be relatively 
thin, but should desirably be suf?ciently thick that it does not 
become fully hydrated throughout its thickness during the 
hydration of concrete. Because the cores of conventional 
Portland cement particles over 50-100 microns in siZe may 
remain incompletely hydrated in conventional concrete after 
decades, a thickness of 50-100 microns of a less reactive 
loWer calcium silicate layer should be more than adequate. 
Such a vitreous or ceramic layer may also be quite mechani 
cally strong compared to the cement paste, and is integrally 
bonded to the iron silicide, iron titanide or other iron 
passivating layer. The calcium silicate layer may also be 
applied by relatively inexpensive high-temperature plasma, 
HVOF or combustion thermal spraying. The thin, refractory, 
adherent, unitary, inorganic layers may readily be applied 
during steel rebar manufacture. There are some adhesion and 
ef?ciency advantages in high-speed application of the layers 
in the rolling mill before the steel reinforcement bars have 
completely cooled. 
[0046] The outer surface of the calcium silicate layer may 
preferably be applied With a someWhat greater degree of 
open porosity (e.g., 5-20%) than the interior layer (e.g., 
015% porosity) to further assist the formation of a function 
ally graded interface With the bulk cement matrix. Because 
of the relatively loW thermal spray temperatures required for 
calcium silicate application, the loW cost of the materials 
(e.g., ?y ash or blast furnace slag) and the thinness of the 
layers, the cost of application is relatively loW. As indicated 
earlier, an adhesion-promoting layer may be utiliZed to 
promote chemical bonding of the metallic steel or steel alloy 
surface With the ceramic vitreous coating. An extremely thin 
layer of boron or silicon oxide groups (such as a mono layer 
or surface silanol groups) may be formed at the surface of 
the iron silicide and/or boride layer formed at the surface of 
the reinforcing steel, Which can chemically bond With the 
thermally applied glass or ceramic layer. Similarly, a very 
thin layer of chromium, titanium or nickel oxide may form 
an adhesion-promoting layer, particularly if in a partially 
oxidiZed metallic, or loWer oxidation state. 

[0047] FIG. 4 illustrates a thermal spray system 40 for 
applying corrosion resistant and hydraulically reactive lay 
ers on steel reinforcing bar stock as produced by a conven 
tional rolling mill. As shoWn in FIG. 4, a ?nished steel 
reinforcing bar 42 from a rolling mill 44 is continuously 
transported through a thermal spray station 46. The rein 
forcing bar (or “rebar”) stock may still be at elevated 
temperature such as 500-1200° C. from its manufacture. The 
thermal spray station 46 comprises a thermal spray station 
48 for applying a passivating corrosion-resistant layer such 
as a silicon or ferrosilicon layer 49, and thermal spray station 
50 for applying a hydraulically reactive ceramic material 
layer 51 on the corrosion-resistant layer 49. The thermal 
spray station 48 desirably comprises at least three thermal 
spray guns spaced radially around the reinforcing bar, so that 
the entire surface of the bar is coated on a continuous basis 
as it is conducted through the thermal spray station. Because 
the steel bar may form a native oxide (such as FeO) on its 
surface during its manufacture in the rolling mill, the ther 
mal spray may also desirably be operated With a reducing 
atmosphere. Preferably, the thermal spray guns function to 
“sputter-clean” the reinforcing bar surface as the corrosion 
resistant layer 49 and/or diffusion is applied. In applying the 
ferrosilicon layer, a relatively ?ne silicon or ferrosilicon 
poWders are preferably used, With relatively high plasma 
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operating temperatures, so that at least a portion of the 
silicon or ferrosilicon is vaporized, for subsequent conden 
sation on this heated steel reinforcing bar surface, to provide 
a continuous layer. The silicon/ferro silicon Will quickly 
diffuse/alloy With the steel rebar at its elevated temperature. 
An adhesion-promoting layer may be applied betWeen the 
silicon/ferrosilicon layer. A ?ne aqueous spray of a chro 
mium, nickel or titanium oxide-based solution or slurry may 
be directly applied to the hot steel surface, Which Will 
promote fusion and bonding at the elevated processing 
temperatures (e.g., 400-1200° C.) With the subsequently 
applied ceramic or vitreous layer. The thermal spray station 
for the ceramic layer application may also desirably be a 
loW-cost combustion system or HVOF system. 

[0048] The relative position of thermally applied layers is 
shoWn in cross-section in FIGS. 5 and 6. 

[0049] FIG. 7 is a schematic illustration of a freshly 
poured aqueous cement slurry at the surface of a thermally 
sprayed steel reinforcing bar embedded in the cement slurry. 
As illustrated in FIG. 7, the steel reinforcing bar 72 has an 
adherent, thin, thermally sprayed ferrosilicon or silicon layer 
74 at its surface, Which is substantially more passive With 
respect to both rusting, and chloride ion-catalyZed oxidation, 
than the bulk steel of the reinforcing bar 72. Silicon can be 
used to produce a surface Which is relatively inert to 
oxidation catalyZed by the chloride ion. The silicon readily 
alloys With and diffuses into iron at moderately elevated 
temperatures, Which are present immediately after manufac 
ture of the rebar in a steel rolling mill, and/or Which can be 
brie?y applied to the surface of the reinforcing bar Without 
damaging the internal metallographic structure, to form a 
variety of ferrosilicon compounds or solid solutions. A 
passivating silicon alloy layer can be provided by exposure 
to silicon-containing gases such as SiCl4 at elevated tem 
peratures (see, e.g., US. Pat. Nos. 3,433,253 and 5,200, 
145). Pure silicon poWder can also be thermally sprayed to 
produce a relatively inert layer of silicon and/or ferrosilicon 
alloy. HoWever, for economic reasons (because SICl4 gas 
treatment and pure silicon poWder is relatively expensive), 
industrial ferrosilicon can also be used to provide a surface 
Which is relatively passivated With respect to oxidation 
under chloride-catalyZed conditions. Ferrosilicon can be 
produced at very loW expense, and provided in poWdered 
form for thermal spray volitaliZation and/or application to 
the surface of the steel reinforcement to produce an inti 
mately bonded, alloyed layer at the surface. Similarly, boride 
materials may be provided and plasma-vaporiZed at loWer 
expense than boron hydride materials. 

[0050] The corrosion-resistant ferrosilicon layer 72 has an 
intimately adherent cementitious layer 74, Which is ther 
mally sprayed thereon and bonded thereto. The illustrated 
cementitious layer may be an industrial-grade calcium sili 
cate, such as the primarily dicalcium silicate materials of 
blast furnace slag Waste products. The thermally-applied 
cementitious layer may desirably be graded, either continu 
ously, or discreetly, so that it is more dense and/or more 
unreactive in the high pH environment of a cement mix, 
immediately adjacent the ferrosilicon layer 74. Conversely, 
the layer 76 may be more porous and/or more hydraulically 
reactive at the exterior surface 78 facing the aqueous cement 
mix. For example, a calcium silicate poWder Which crystal 
liZes to form a relatively inert material such as Wollastonite, 
may be applied using HVOF thermal spraying to produce a 
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very dense, relatively crystalline layer Which strongly 
adheres to the ferrosilicon or silicon surface 74. An external 
layer of predominantly dicalcium. silicate, such as ?y ash or 
blast furnace slag, may be applied over the calcium silicate 
layer, using a loWer velocity HVOF or plasma spray gun, to 
produce and external layer Which is relatively more hydrau 
lically reactive in the aqueous high pH environment of the 
cement mix. By controlling the thickness of the external, 
more reactive layer, the amount of reaction may be precisely 
controlled, to ensure that an adherent, dense, protective 
inorganic oxide layer remains adjacent the steel surface to 
contribute to the protection of the underlying steel reinforce 
ment. An extremely thin adhesion-promoting layer (not 
shoWn), for example of chromium oxide, titanium dioxide or 
loWer oxide, or nickel oxide may be present betWeen the 
ferrosilicon surface of the steel bar, and the cementitious 
calcium silicate layer 76. 

[0051] As indicated in FIG. 7, the external surface 78 of 
the thermally sprayed reactive layer 76 need not to be 
completely smooth, and may also have some degree of 
porosity, Which may permit a denser aggregation of cement 
particles adjacent the surface. In any event, the physical 
density of the calcium silicate layer 76 at the external surface 
should best be at least 75 percent solid (less than 25% 
porosity), as compared to a loWer concentration of cement 
particles in the cement mix, and accordingly, the unreacted 
cement particles 82 of the freshly poured aqueous cement 
slurry may form a relatively dense surface reaction Zone 80 
together With the thermally sprayed reactive layer 76. The 
unreacted cement particles in the Water matrix 84 aWay from 
the immediate surface of the Zone 80 may be in a Zone 86 
having the conventional bulk cement packing density. 

[0052] The thermal spray guns may also apply relatively 
inert ?bers, such as alumina ?bers or Zirconia-based high 
pH-stable cement ?bers With the cementitious layers. These 
?bers may be relatively small in diameter (e.g., 2-25 
microns) and length (e.g., 25-200 microns), but can consid 
erably strengthen the hydrated cement layer Which is formed 
around the steel reinforcement. The volume of reinforcing 
?bers may desirably be in the range of 2-25 percent of the 
volume of the cementitious thermally sprayed layer 76. 

[0053] Upon hydration, the ceramic external layer 76 of 
the treated steel reinforcement presents a reactive surface 
Which partially hydrates With the bulk cement paste. It 
preferably does not completely hydrate, hoWever, because it 
is thicker and less reactive than the cement particles, Which 
themselves may not fully hydrate. A strongly adherent, 
unhydrated layer of the calcium silicate is accordingly 
retained on the steel surface. The high density, unhydrated 
calcium silicate at the steel surface, and the graded partici 
pation of the surface in the cement hydration reaction, 
inhibits the formation of a porous Weak interface Zone. 
Corrosion-causing chloride percolation along the steel sur 
face is therefor restricted, because there is no Weak, porous 
Zone adjacent the steel surface. Instead, a dense, relatively 
impermeable reaction Zone is created Which is bonded to the 
steel surface, and ef?ciently transmits mechanical forces 
Without being a “Weak link”. The optional non-rusting 
ferrosilicon, ferrotitanium or other corrosion-passivated 
layer is retained as a further protection for the reinforcing 
steel: 

[0054] The net result is a dense interface, adherently 
chemically bonded to the steel surface, Which is thereby 
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protected from corrosion, and Which transmits mechanical 
forces between the steel reinforcement and the bulk cement 
matrix. The interface is desirably stronger than the bulk 
cement paste. The interface is not porous, and does not 
promote the percolation of Water or corrosion-inducing 
chloride ions through the cured concrete or along the surface 
of the steel reinforcement. Because the interface integrally 
bonds the steel reinforcement to the bulk cement matrix With 
an adhesion strength desirably at least equal to the strength 
of the cement matrix, the mechanical properties of the 
reinforced concrete are maximiZed, rather than minimiZed 
by a porous interface Zone. 

[0055] Instead of, or in addition to, the thermally sprayed 
cement-reactive layer, a protective layer may also be applied 
Which is stable in storage and at relatively neutral (e.g., 5-8) 
pH, but Which reacts With the caustic, high pH calcium ion 
environment of hydrating cement paste (greater than pH 
10.0) to form a stable, relatively strong interlayer material. 
For example, silicone resins such as those formed of dim 
ethyl silane groups are sloWly hydrolyZed in a caustic 
cement paste environment to form an impervious calcium 
silicate-methyl silicate material. The hydrolytic stability of 
the silicone resin may be reduced by including amine 
groups, such as those present in amine corrosion inhibitors, 
in the silicone polymer or material. 

[0056] A Wide variety of amine corrosion inhibitors for 
steel are commercially available. They may be simply 
blended (e.g., at 1-10 Weight percent) in the silicone resin 
applied to the steel rebar, or they may be incorporated in the 
polymer chain of the silicone or other cement paste (caustic 
of pH>10) degradable polymer (e.g., triethanol amine may 
be used to cross link dimethyl silanes, or to provide hydroxyl 
group polymer chain ends When used in excess. The corro 
sion inhibitor is sloWly released in the Zone immediately 
adjacent to reinforcing steel as the organopolymer layer is 
sloWly converted to calcium silicate compounds upon reac 
tion With the hydrating cement paste. 

[0057] It is particularly desirable to include particulate 
cement-reactive material in the cement-degradable polymer. 
For example, silicon particles and/or slag particles may be 
included in the silicone or other cement-reactive polymer at 
levels of from about 1 to about 50 percent by Weight or 
more, preferably 5-40% by Weight, based on the total Weight 
of the polymer and particulate inclusion. The particles may 
desirably have a particle siZe in the range of 0.1 to about 75 
microns. Ground blast furnace slag having a particle siZe in 
the range of 10-100 microns may be incorporated in silicone 
resin at a level of 10-45 Weight percent, and applied to a steel 
rebar (With or Without an intermediate corrosion protective 
metal layer) to form a continuous composite layer having a 
thickness of 20-200 microns (preferably 25-100 microns). 

[0058] Similarly, the silicone resin layer may include 5-50 
Weight percent of silicon particles having a particle siZe of 
1-75 microns, to form a composite layer Which Will protect 
the steel rebar in storage and pre-installation transport, but 
Will sloWly react in contact With the hydrating cement paste 
at pH greater than 10. These particles Will be available for 
reaction With calcium ions to form a dense, impervious layer 
adjacent the steel reinforcements. In addition, When silicon 
poWder or particles are included, and in effective electrical 
contact With each other and the steel reinforcement (directly 
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or through a protective metal layer thereon), the reaction of 
the silicon electrolytically protects and insulates the steel 
from chloride attack. 

[0059] The cement-reactive organopolymeric coatings can 
have a high degree of ?exibility, Which is advantageous 
during forming or installation of the steel reinforcement. 

[0060] Small amounts (e.g., less than 5 Weight percent) of 
chloride sequestering materials such as lead or silver oxide 
(e.g., from inexpensive ore) may be included in the ther 
mally sprayed or organopolymeric cement-reactive layer, to 
limit chloride penetration. 

[0061] Upon hydration or partial hydration, the reactive 
calcium silicate layer 76 interacts With the cement particles 
to prevent the formation of a relatively porous and Weak 
interfacial Zone betWeen the steel reinforcement and the bulk 
cement paste. In this regard, schematically illustrated in 
FIG. 8 is a cured, adherent cement layer at a dense, non 
corroding steel reinforcement surface. As illustrated, upon 
curing or partial curing of the cement particles in the cement 
mix, the steel reinforcement 72 still retains its adherent 
ferrosilicon layer 74 Which passivates the iron against chlo 
ride-catalyZed oxidation, and a portion of the calcium sili 
cate layer 76, Which is itself strongly adherent to the 
ferrosilicon layer 74 by virtue of the thermal spray process 
ing of its application. The presence of silicon, titanium or 
other similar strong matrix oxide forming elements in the 
corrosion-passivating layer facilitates the formation of a 
strong, adherent chemical bond therebetWeen. HoWever, the 
exterior surface of the calcium silicate layer 76 has reacted 
by hydration With the cement mix to form a relatively dense, 
strong adherent surface reaction Zone 88 Which may be 
denser and stronger than the fully hardened cement paste 90 
Which is formed at the bulk density of the original cement 
mix. The tensile strength of the composite structure is 
schematically shoWn in the graph beloW the structure illus 
trated in FIG. 8, and in registration thereWith. As indicated, 
the tensile strength of the steel reinforcement is relatively 
high, and the ferrosilicon, ferrochrome or ferrotitanium layer 
74 is generally relatively loWer in vieW of its increased 
brittleness. Similarly, the tensile strength of the unreacted 
calcium silicate layer 76 is relatively loWer than that of the 
silicon, ferrotitanium, ferrochrome or ferrosilicon layer 74, 
but still substantially higher than the bulk density cement 
paste. The surface reaction Zone (like the Zones immediately 
surrounding the individual cement particles) is denser and 
stronger in the direction of the hydration reaction adjacent 
the unreacted surface Zone, and tapers toWard the tensile 
strength of the bulk density cement paste. Accordingly, the 
composite structure of FIG. 8 does not produce a “Weak 
link” of porosity adjacent the steel reinforcement. Rather, a 
functionally graded interface is produced Which has a gra 
dient of properties Which gradually transitions to that of the 
bulk density cement paste 90. In addition, it Will be noted 
that the ferrosilicon layer 74 and the partially unreacted 
calcium silicate layer 76 physically limit the access of 
chloride ion and oxygen to the iron surface, thereby restrict 
ing oxidation. Moreover, there is no porous Zone immedi 
ately adjacent the steel reinforcement surface for the passage 
of corroding environments along the reinforcement surface. 

[0062] As indicated, the functional layers may be applied 
by thermal spraying, Which is an economical technology for 
applying thin, adherent layers of refractory materials. In 










